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We report the temperature- and magnetic-field-dependent optical conductivity spectra of the
heavy electron metal YbIr2Si2. Upon cooling below the Kondo temperature (TK), we observed
a typical charge dynamics that is expected for a formation of a coherent heavy quasiparticle
state. We obtained a good fitting of the Drude weight of the heavy quasiparticles by applying
a modified Drude formula with a photon energy dependence of the quasiparticle scattering
rate that shows a similar power-law behavior as the temperature dependence of the electrical
resistivity. By applying a magnetic field of 6 T below TK, we found a weakening of the effective
dynamical mass enhancement by about 12 % in agreement with the expected decrease of the
4f -conduction electron hybridization on magnetic field.
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The charge dynamics of heavy electrons in cerium
(Ce) and ytterbium (Yb) intermetallic compounds are
strongly determined by the physics of a Kondo lattice,
which, in particular, may be manifested in quantum crit-
ical phenomena such as a pronounced deviation from the
renormalized Landau-Fermi liquid (LFL) behavior.1) In
this respect, the interplay between itinerant heavy elec-
tron states with non-magnetic ground states and local
magnetic ordering ground states at low temperature is
attracting attention because the heavy electrons origi-
nate from the c-f hybridization between conduction elec-
trons and local 4f states located near the Fermi level
(EF).
2)
In the highly itinerant region, the system of heavy
electrons is regarded as a renormalized LFL, i.e., the
electron-electron scattering rate as well as the electri-
cal resistivity is proportional to T 2. However, near the
boundary between the itinerant and the magnetically
ordered states, the physical properties show a so-called
non-Fermi liquid (NFL) behavior being inconsistent with
the expectation for a LFL state. In order to understand
the origin of these new physical properties, investigations
of the far-infrared optical properties provide essential in-
formation on the c-f hybridization effect in the electronic
structure. Moreover, application of a magnetic field can
strongly affect the low-energy excitations of a heavy elec-
tron state providing the opportunity to control the ef-
fect of the Kondo interaction on the effective electronic
mass.3)
The electrodynamical response of heavy electrons is
characterized by a scattering rate
1
τ(ω, T )
= τ−10 + aT
n + b(~ω)n, (1)
where τ0 is the residual life time, a and b denote propor-
tional constants of temperature and photon energy, re-
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spectively.4) A typical LFL behavior with n = 2 common
to the temperature- and energy-term is seen, for instance,
in the heavy fermion materials CeAl3 and YbAl3.
5, 6)
However, although a n 6= 2 behavior has been observed
in electrical resistivity measurements of many NFL com-
pounds, there are only a few reports of a corresponding
energy dependence of the scattering rate.7) Among those,
YbRh2Si2 is a prototypical example, for which a pro-
nounced NFL behavior of the scattering rate with n = 1
is seen as a function of both temperature and photon
energies.8)
In this Letter, we discuss the NFL issue of the optical
scattering rate of heavy quasiparticles in the homologous
material YbIr2Si2 (I-type) with a Kondo energy scale
TK ≃ 40 K. This is the first Yb-based heavy fermion
metal which has a LFL ground state close to a quantum
phase transition. At low temperatures, LFL behavior is
clearly evidenced in the electronic specific heat (constant
Sommerfeld coefficient γ = 0.37 J/mol K2 below 0.4 K)
and in the electrical resistivity that is proportional to
T 2 below 0.2 K.9) The power law of the latter behav-
ior changes from 2 to 1.3 in the temperature range of
0.2 – 4 K. A magnetic field of 6 T reduces the γ-value by
a factor of 1.5 and therefore reduces the mass enhance-
ment correspondingly. Moreover, γ becomes constant al-
ready below ≈ 2 K. Thus, we investigated the dynam-
ical effective mass and ~ω-dependent scattering rate of
YbIr2Si2 by measuring the temperature- and magnetic-
field-dependent reflectivity [R(ω)] spectra. Below TK, we
found a clear Drude-type structure which is typical for
the optical response of heavy quasiparticles and which
contains a scattering rate that depends on photon energy
and temperature by the same power law. The magnetic
field dependence turns out to be fairly weak but mea-
surable and is consistent with the expectation of a mean
field theory.
Near-normal incident reflectivity [R(ω)] spectra were
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acquired in a very wide photon-energy region of 2 meV
– 30 eV to ensure an accurate Kramers-Kronig analysis
(KKA) for obtaining the complex optical conductivity
σˆ(ω) = σ1(ω)− iσ2(ω) =
Ne2τ
mb
1
1 + iωτ
. (2)
Here, σ1(ω) and σ2(ω) are the real and imaginary parts
of the conductivity spectra,N the effective charge-carrier
density, e the elementary charge, andmb the unrenormal-
ized band mass at T ≫ TK. For the analysis, we also used
spectra of the loss function −Im[εˆ(ω)−1] (εˆ(ω): complex
dielectric function) that were derived from R(ω) spectra
by a KKA.
We investigated single crystalline samples with as-
grown and polished sample surfaces perpendicular to
the c-axis. The sample preparation as well as the mag-
netic and transport properties have been described else-
where.9) Rapid-scan Fourier spectrometers of Martin-
Puplett and Michelson type were used at photon energies
of 3–30 meV and 0.01–1.5 eV, respectively, with a spe-
cially designed feed-back positioning system to maintain
the overall uncertainty level less than ±0.2 % at sam-
ple temperatures between 0.4–300 K using a 4He (down
to 8 K) and a 3He (down to 0.4 K) cryostat.10) In or-
der to obtain accurate R(ω) spectra, reference spectra
were measured by using the in-situ gold evaporated sam-
ple surface. The magnetic field dependence was checked
at T = 6 K by applying one magnetic field of 6 T
and in the photon energy range of 5–60 meV only. At
T = 300 K, R(ω) was measured for energies 1.2–30 eV by
using synchrotron radiation.11) In order to obtain σ1(ω)
via a KKA of R(ω), the spectra were extrapolated below
2 meV with R(ω) = 1 − (2ω/piσDC)
1/2, where σDC is
the direct current conductivity, and above 30 eV with a
free-electron approximation, R(ω) ∝ ω−4.4)
To clarify the photon energy and temperature depen-
dences of the quasiparticle scattering rate, an extended
Drude analysis in terms of the effective mass [m∗(ω)] and
the scattering rate [1/τ(ω)] was performed. The coher-
ent part due to the underlying strong electron-electron
correlations were treated by renormalized and frequency
(photon energy) dependent m∗(ω)/mb and 1/τ(ω);
4)
m∗(ω)
mb
=
Ne2
mbω
· Im
(
1
σˆ(ω)
)
, (3)
1
τ(ω)
=
Ne2
mb
·Re
(
1
σˆ(ω)
)
. (4)
N/mb can be evaluated to be 7.1 × 10
21 cm−3 by inte-
grating the σ1(ω) below the plasma edge of ~ωp = 0.6 eV,
N
mb
=
2
pie2
∫ ωp
0
σ1(ω)dω. (5)
The measured R(ω) spectra are shown in Fig. 1. Upon
cooling the sample the dip structure at ~ω = 110 meV
becomes more pronounced and thereby bringing out a
Drude-like reflectivity showing a remarkable increase
at low energies. At 300 K, a dip structure appears at
~ω = 110 meV, but a Drude-like reflectivity, in which
R(ω) increases with decreasing ~ω, is realized. With de-
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Fig. 1. (Color online) Temperature dependence of the reflectivity
spectrum R(ω) in the photon energy range of 2 – 600 meV. Inset:
R(ω) at 8 and 300 K in the complete accessible range of photon
energies up to 30 eV.
creasing temperature, the dip structure at 110 meV be-
comes deeper due to the strong electron-electron cor-
relations as observed in other Yb- and Ce-compounds.
For T ≤30 K, a characteristic kink structure appears at
20 meV. This happens below TK and, therefore, the steep
increase below this kink is probably part of the Drude re-
sponse of the heavy quasiparticles. Note that the peaks
at 12 and 40 meV sharpen with decreasing temperature,
indicating that they originate from optical phonons.12)
The σ1(ω) and −Im[εˆ(ω)
−1] spectra that were derived
from the R(ω) spectra via KKA are displayed in Fig. 2.
Figure 2(a) shows σ1(ω) over an enlarged energy range
of 3–1000 meV for all temperatures used in this inves-
tigation. As observed in the R(ω) spectrum, at 300 K
and below 0.6 eV a Drude-type spectral shape domi-
nates σ1(ω) that monotonically increases with decreasing
photon energy. This indicates that the c-f hybridization
intensity is relatively weak at 300 K, i.e., the 4f elec-
trons are localized. With decreasing temperature, σ1(ω)
strongly decreases at the lowest energies, while at the
same time, a shoulder structure appears at 25 meV be-
low 30 K (< TK). The peak at 200 meV and the shoulder
at 25 meV can be roughly explained by the LDA band
structure with the renormalization factor of 0.42 for the
Yb 4f state.13) However, a part of the shoulder at 25 meV
may originate from the c-f hybridization gap because,
(i) below TK, the shoulder becomes clear below TK and
larger than the calculated intensity, and, (ii) as will be
discussed further below, the shoulder can be influenced
by a magnetic field. Moreover, decreasing the tempera-
ture also leads to a considerable shift of the Drude weight
towards lower energies. For T < TK, the direct current
conductivity (σDC , symbols in Fig. 2(b)) drastically in-
creases while, at around 5 meV, σ1(ω) is strongly decreas-
ing. In contrast, for T > TK, the σ1(ω, T ) intensity at the
lowest energies is similar to σDC(T ). This indicates that
the Drude peak due to the heavy quasiparticles becomes
sharp with decreasing temperature (T < TK).
Note that the σ1(ω) spectra cannot be fitted by a
normal Drude formula [σ1(ω) = σDC/(1 + ω
2τ2), a
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Fig. 2. (Color online) Temperature dependence of the real part of
optical conductivity σ1(ω) spectrum (solid lines) in the logarith-
mic scale (a) and in the linear scale (b). In (b), corresponding
direct current conductivities (σDC , symbols) are also plotted.
Dashed lines: Extended Drude model (Eq. 7) in which the scat-
tering rate has the frequency dependencies shown in Fig. 3(b).
Dot-dashed line: Normal Drude model (Eq. 2) fitted to the σ1(ω)
spectrum at 3 K. (c) Temperature dependence of the loss func-
tion −Im[εˆ(ω)−1] spectra. Note the presence of the hump struc-
ture at 19 meV marked by an asterisk below TK and the addi-
tional one at 14 meV marked by an open triangle at 0.4 K.
dot-dashed line in Fig. 2(b)] as already reported for
YbRh2Si2.
8) An extended Drude formula is plotted by
dashed lines in Fig. 2(b) providing a reasonable descrip-
tion of the low-energy σ1(ω) spectra. As will be discussed
later, this extended Drude formula contains a scattering
rate 1/τ with a power-law dependence on ~ω.
The loss function spectra in Fig. 2(c) show charac-
teristic hump structures marked by an asterisk and an
open triangle. The one at 19 meV appears below TK and
therefore can be attributed to the plasmon peak of the
heavy quasiparticles. At 0.4 K, the hump intensity at
19 meV slightly decreases and an additional hump ap-
pears at 14 meV (open triangle). Because also the elec-
tronic specific heat coefficient γ is constant at T ≤ 0.4 K,
we assign the 14 meV peak in the loss function to the
plasmon peak of the quasiparticles in the Fermi liquid
state.
In order to clarify the photon energy and temperature
dependences of the quasiparticle scattering rate, an ex-
tended Drude analysis in terms of an energy dependence
of the effective mass [m∗(ω)] and scattering rate [1/τ(ω)]
was performed. As shown in Fig. 3, m∗(ω)/mb gradually
increases below 20 meV, and 1/τ(ω) gradually decreases
below 10 meV. The temperature dependence of this be-
havior is illustrated in Fig. 3(c) for a representative en-
ergy ~ω = 4 meV. Both m∗/mb(T ) and 1/τ(T ) continu-
ously change with temperature. However, at TK ∼40 K,
the change occurs most rapidly that shows an enhanced
formation of heavy quasiparticles when cooling to be-
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Fig. 3. (Color online) Temperature dependence of (a) the effec-
tive mass relative to the band mass,m∗(ω)/mb , and (b) the scat-
tering rate 1/τ(ω) as a function of photon energy ~ω. Dotted and
dashed lines emphasize 1/τ ∝ ω1.5 and 1/τ ∝ ω1.3 behaviors for
T = 0.4 K and 3 K, respectively. (c) Temperature dependence of
m∗(ω)/mb and 1/τ(ω) at ~ω = 4 meV. The Kondo temperature
TK is also shown.
low TK. This is consistent with a conventional view of
the evolution of heavy fermions, but it is an impor-
tant observation in σ1(ω) spectra. Note that m
∗(ω)/mb
below 10 meV is similar to that of a related mate-
rial YbRh2Si2
8) indicating similar mass enhancement of
heavy fermion states in these materials.
The dotted and dashed lines in Fig. 3(b) indicate
power-law dependences of (1/τ(ω)) in the low energy re-
gion and at temperatures of 0.4 K and 3 K which are
well below TK. We fitted
1
τ(ω, T )
=
Ne2ρ(T )
mb
+ b∗(~ω)n(T ) (6)
to the data, where ρ(T ) is the zero energy DC electrical
resistivity and b∗ is a constant related to b in Eq. 1.
The fit parameters for T = 0.4 and 3 K, are 1/τ(ω) =
2.5 ·1012+8.0 ·1016 ·(~ω)1.5, and 1/τ(ω) = 1.0 ·1013+2.9 ·
1016 · (~ω)1.3, respectively. Equation 6 describes the data
well below 5.5 meV for 0.4 K and below 7 meV for 3 K.
For the sake of clarity, we refrained from showing data fits
for T = 0.4 and 3 K in Fig. 3(b). These results indicate
that the photon energy dependence of the scattering rate
follows a similar power-law behavior as the temperature
dependence of ρ(T ): ρ(T ) ∝ T 1.5 at 0.4 K and ρ(T ) ∝
T 1.3 at 3 K.9) From this comparison, we infer that a NFL
behavior is also indicated in the optical response of heavy
quasiparticles for photon energies up to at least 5 meV.
Note that the 1/τ(ω) spectrum of YbRh2Si2 below 10 K
is proportional to ω1 with a same power-law dependence
on temperature in the photon energy region below 7 meV
higher ~ω than that of YbIr2Si2. This may indicate that
the NFL energy region of YbRh2Si2 is wider than that
of YbIr2Si2.
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Fig. 4. (Color online) Magnetic field (H) dependence of the re-
flectivity R(ω) (a), the optical conductivity σ(ω) (b), and the loss
function −Im[εˆ(ω)−1] (c) spectra of YbIr2Si2 at T = 6 K. Ar-
rows indicate the plasma edges of heavy quasiparticles observed
at H = 0 and 6 T. The subtraction spectrum of −Im[εˆ(ω)−1] at
6 T from that at 0 T is also plotted.
Using above results for the energy dependencies of
1/τ(ω), we also employed an extended Drude formula
to describe the spectra in Fig. 2(b) with
σ1(ω) = σDC
τ(ω)
τ(0)
1
1 + ω2τ(ω)2
. (7)
As shown by the dashed lines in Fig. 2(b), Eq. 7 describes
the σ1(ω) data reasonably well in the same energy region
as 1/τ(ω). This indicates that the Drude peak of heavy
quasiparticles contains a scattering rate which shows the
same power-law dependency on the photon energy as the
temperature power-law dependency of the electrical re-
sistivity. Moreover, this justifies the use of an extended
Drude description of σ1(ω). Note that this result is not
inconsistent with the finding that the microwave con-
ductivity of heavy quasiparticles obeys a normal Drude
formula,14) because σDC is dominant in a sufficiently low
energy region.
Finally, we investigated the behavior of the hump
structure in the energy loss spectra (see asterisk in
Fig. 2(c)) in the presence of a magnetic field. If this hump
is related to a heavy quasiparticle plasmon a magnetic
field should shift it towards higher energies concomi-
tantly with the reduction of the mass enhancement.3)
Figure 4 shows the magnetic-field-dependent R(ω) (a),
σ1(ω) (b), and−Im[εˆ(ω)
−1] (c) spectra at 6 K. Indeed, by
applying a magnetic field of 6 T, characteristic changes
are observable as indicated by the arrows in Figs. 4(a)
and (c). These changes are fairly small but they are out-
side the experimental error (less than 0.2 % accuracy
in R(ω)) and can be seen most clearly in the differ-
ence energy loss spectra in Fig. 2(c). The plasma edge
(~ωp) of the heavy quasiparticles in the R(ω) spectrum
as well as the hump in the −Im[εˆ(ω)−1] spectrum slightly
shift to the higher energy side from 19.3 ± 0.3 meV to
20.6± 0.3 meV.
The relation between the magnetic-field-dependent ef-
fective massm∗(H) and ~ωp(H) ism
∗(H)/m∗(H = 0) =
[~ωp(H = 0)/~ωp(H)]
2 and, hence, the effective mass at
6 T is suppressed by 12 ± 5% from the zero-field value.
Within a mean field theory for the hybridization, the
field dependence of the quasiparticle effective mass pro-
portional to 1− 3/2(H/H0)
2 with a representative mag-
netic field H0.
15) With our results for the suppression of
the effective mass, we obtain H0 = 21 ± 9 T. The H0
value is similar to the Kondo energy of YbIr2Si2 in mag-
netic units is HK = 18 T (g⊥ = 3.35
16) and TK = 40 K).
This result is not consistent with that of a heavy fermion
material CeRu4Sb12,
3) i.e., H0 is close to the coherence
temperature T ∗ ∼50 K lower than TK ∼100 K. In our
result, the similar values ofH0 and HK imply that the ef-
fective mass decreases with applied magnetic field similar
to what is known for TK.
15) This signature of the Kondo
effect leads to a c-f hybridization gap near 20 meV in
YbIr2Si2.
In conclusion, the temperature and magnetic field de-
pendencies of reflectivity as well as optical conductiv-
ity spectra of YbIr2Si2 were measured and the dynami-
cal properties of heavy quasiparticles were discussed. At
T = 0.4 K below photon energies of 15 meV, the effective
mass is enhanced by a factor of 130 compared to the un-
renormalized band mass. Below the Kondo temperature,
the scattering rate as a function of photon energy obeys
a similar power-law behavior as the temperature depen-
dence of the electrical resistivity. The effective mass is
suppressed by 12 ± 5% from the zero-field value with
increasing magnetic field to 6 T. The magnetic field de-
pendence of the effective mass is inversely proportional
to the Kondo temperature.
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